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Final Report for DURIP 2005: FA9550-05-1-0281

Few-Cycle Optical Parametric Chirped Pulse Amplification

Franz X. Kartner
Department of Electrical Engineering and Computer Science

and Research Laboratory of Electronics
Massachusetts Institute of Technology

Cambrdige, MA 02319

Summary:
Over the last few years, ultrafast laser physics and frequency metrology has merged and
provided us with unprecedented (sub-cycle) control over the electric field of few-cycle laser
pulses emitted from modelocked lasers.

These pulses and the corresponding technology are the prerequisite for high energy phase
controlled few-cycle laser pulses, needed for reliable extreme ultraviolet (EUV) and soft x-ray
production via high harmonic generation. It has been shown over the last few years that this
technology leads to the generation of attosecond pulses and therefore opens up a new frontier in
time and frequency measurements.

The DURIP funding provided by AFOSR enabled us to buy the key components for the
construction of phase controlled high energy optical parametric chirped pulse amplifiers that
directly generate two-cycle optical pulses, i.e. l4fs at a center wavelength of 2Itm and later also
of 5fs at 800nm at lkHz repetition rate without using external pulse compression. The major
challenge is the construction of a high beam quality pump source and the dispersion
compensation of the ultra wideband spectrum after amplification. We want to use this source for
soft x-ray production via high harmonic harmonic generation (HHG) and later attosecond pulse
generation. Furthermore, this system enables us to explore in the future few and single-cycle
laser pulse generation over the wavelength range covering 700nm - 2.6gtm. Unlike Ti:sapphire
amplifiers, parametric amplification is not limited to a fixed wavelength range. Therefore, this
system will enable us to explore few-cycle pulse generation from the visible to the far infrared
enabling many experiments to come over the next years. In particular, this system once finalized
over the next half year will be used in the DARPA funded project "Hyperspectral Radiography
Sources using Cavity-Enhancement Techniques". One immediate experiment we want to explore
is to study HHG as a function of the drive laser wavelength. It is expected that the cutoff
wavelength of high harmonics scales as the square of the wavelength, because the wiggler
energy of the freed electron scales with the wavelength at fixed intensity. This scaling, if
successful, could allow the generation of keV radiation using high-order harmonic generation. Of
course, many other yet unconsidered effects might change this simple scaling, such as higher
absorption or larger phase mismatch at these higher frequencies scaling with the driver pulse
wavelength. In the following, we describe in detail what has been accomplished over the last 1.5
years supported by the DURIP funding and the future experimental work using the constructed
laser source.
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1. Parametric chirped-pulse amplification of difference-frequency generation

The complete setup under construction for generating intense CE-phase-stable two-cycle 24tm
driving pulses for long-wavelength high-harmonic generation is shown in Fig. 1.

30ps, ImJ @ IkHz ] 14 fs
05pJ 0.1mJ

CDCM t4pJ I lkHzSO P4 4o. -- ---

BaF2  U

Figure 1. Schematic of optical setup for generating CE-phase-stable, 1 4fs, 0.1 mJ laser pulses. Infrared pulses (1.6-
2.41.m) obtained by difference-frequency mixing of octave-spanning Ti:sapphire pulses in a MgO:PPLN crystal, are

amplified from 4pJ in two OPA stages to 0.1 mJ. Synchonization of the 30ps Nd:YLF regenerative amplifier is
accomplished by seeding with 1047nm light from the laser oscillator pre-amplified in a Yb-doped fiber amplifier.
The stretcher-compressor unit can be implemented using bulk suprasil300 and silicon blocks and an IR DAZZLER.

The system consists of an octave spanning Ti:sapphire laser that can be directely carrier-
envelope phase stabilized. This is important if later parametric chirp pulse amplification of these
all ready phase stabilized pulses is pursued using a 532 nm pump laser. Here, we used the
broadband output of the laser to generate directly phase stable pulses by difference frequency
generation in a MgO:PPLN with a poling period of 13.1 .tm to generate a broadband 2 ptm seed

pulse. After the DFG generation the 1030 nm fundamental spectrum is preamplified in a fiber
amplifier to seed a Nd:YLF regenerative amplifier that provides the pump pulses for the
following optical parametric chirped pulse amplification (OPCPA) stages. The seed pulses are
stretched in a block of suprasil to about 20ps length and preamplified in CPAl1. After the first
stage, when enough signal amplification has occurred, an infrared DAZZLER is used for pulse
shaping and higher order dispersion compensation. Then the pulses are amplified to the >0. lmJ
level in a second OPCPA stage and compressed in a silicon block. Note, this is a very compact
layout for stretching and compression using bulk media and a DAZZLER only. In the following
sections, we discuss the individual components of the setup in detail.

2. Generation of two-cycle signal pulses with carrier-envelope phase stabilization

Over the past two years, we have demonstrated an f-to-2f self-referenced, octave-spanning 200
MHz Ti:sapphire laser with only 50 attosecond carrier-envelope (CE) phase jitter,[t2] the
experimental setup is shown in Fig. 2.
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Figure 2. CE-phase stabilized 200 MHz octave-spanning Ti:sapphire laser. The femtosecond laser itself (located
inside the grey area) has a compact 20 cmx30 cm footprint. AOM, acousto-optical modulator; S, silver end mirror;
OC, output coupling mirror; PBS, polarizing beam splitter cube; PMT, photomultiplier tube; PD, phase detector; LF,
loop filter; VSA, vector signal analyzer. The CE frequency is phase locked to 36 MHz.

These prismless Ti:sapphire lasers require no realignment over many days of operation and no
major realignment over weeks of operation. The long-term stability of this source is of major
importance for constructing and operating more complex laser systems as intended in this
project. The output spectrum of the Ti:sapphire laser is depicted in Fig. 3.
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Figure 3. Output spectrum of the Ti:sapphire laser on a linear (black curve) and on a logarithmic scale (red curve).
The reflectivity of the ZnSe/MgF 2 output coupler (blue curve) is shown for comparison. The Fourier limit of the
pulse spectrum is 3.6 fs. The wavelengths 570 and 1140 nm used for f-to-2f self-referencing are indicated by two
dashed lines. The spectral components highlighted by the grey areas contribute to the infrared pulse generation by
difference-frequency mixing (see Fig. 9).

Key issues for generating such ultrabroadband spectra directly from the laser oscillator are (a)
precise dispersion compensation using double-chirped mirror (DCM) pairs and BaF2 plates and
wedges for dispersion fine-tuning, (b) spectral shaping of the output using a custom-designed
ZnSe/MgF 2 output coupling mirror (see blue curve in Fig. 3) for enhancing the spectral wings
(prerequisite for f-to-2f self-referencing and difference-frequency generation (DFG) to 2g.tm),
and (c) a thorough understanding of the pulse shaping dynamics and optimization of the Kerr-
lensing action.

Using f-to-2f self-referencing with the 1 140nm and 570nm spectral components directly from the
laser output, we achieved an ultralow CE phase jitter of only 50 as at a wavelength of 800 nm
(see Fig. 4). This record-low CE phase jitter is essential for many applications in CE-phase-
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sensitive time-domain spectroscopy[3, 4] and in attosecond X-ray pulse generation[5]. In
addition, we investigated the CE phase dynamics of octave-spanning Ti:sapphire lasers and
performed a complete noise analysis of the CE phase stabilization.[6] The effect of the laser
dynamics on the residual CE phase noise was modeled by deriving a transfer function
representation of the octave-spanning frequency comb. The modelled phase noise and the
experimental results show excellent agreement (not shown). This greatly enhances our capability
of predicting the dependence of the residual CE phase noise on the feedback loop filter, the CE
frequency control mechanism and the pump laser used.

10-2
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Figure 4. CE-phase noise power-spectral density (red curve) and integrated residual (rms) CE phase error (green
curve) measured using an analog mixer as phase detector (PD in Fig. I). The measured in-loop CE phase error of
0. 117 rad is equivalent to only 50 attosecond CE phase jitter at 800 nm.

During the past two years our group has also made significant progress in single-cycle pulse
generation by coherent pulse synthesis[7] from a 5-fs Ti:sapphire (Ti:sa) laser and a 20-fs
Cr:forsterite (Cr:fo) laser (see Fig. 5).[8]

-10-
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The spectrum of the Ti:sa laser overlaps with the spectrum of the Cr:fo laser. Coherent
superposition of the Ti:sa laser pulses with the Cr:fo laser has been achieved due to the enhanced
stability of their prismless cavities. The most important and critical step is long-term stable and
tight synchronization of the repetition rates of both lasers[9] which has been achieved using a
balanced cross-correlation technique (see Fig. 6). An analysis of the out-of-loop timing jitter
following Ref. [9] shows that the rms jitter measured in a 2.3 MHz BW results in 380 as ±130
as,[ 10] a tenth of an optical cycle at the center wavelength of the joint Ti:sa-Cr:fo spectrum of
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-950 nm. This performance can be maintained over more than 12 hours of continued operation,
which demonstrates the stability of the system.

(650-o4utuom) SFG '= Jir 0.7o

0.0-

Cr~fI 0.5-
0.4

1 0.3-
l12 hours long-term timing lock

L 0.2 (380 * 130 as jitter integrated

from 0.02 mHz to 2.3 MHz)

I~se Slia b)0 10000 200 30000' 40ý000(a) i (b) ooTe (sec)

Figure 6: (a) Experimental setup of the synchronized lasers. Cr:fo: passively mode-locked Cr:forsterite laser, Ti:sa:
passively mode-locked Ti:sapphire laser; SFG: sum-frequency generation; all bandpass filters transmit only the
sum-frequency (1/496nm = l1/833nm+l/1225nm). The two beam splitters consist of a thin fused silica substrate
coated with a semi-transparent metal film. The third correlator is used to generate the graph shown in (b), which
shows the timing jitter determined from the amplitude noise of the SFG from the out-of-loop cross-correlator. The
trace is shown over 12 hours of continuous operation without interruption and the relative timing jitter is about a
tenth of an optical cycle, i.e., 300as at I tm wavelength. The lock was intentionally broken after 12hours.

Rather recently, we have demonstrated the generation of a phase-coherent spectrum[ 11] from
ultrabroadband Ti:sa and Cr:fo lasers from 600 nm to 1500 nm by locking the difference in the
CE phase between the two lasers to a local oscillator (Fig. 7).

0 10oop 2001 300p

20 unocked trame

_30-

0...0.20
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Figure 7: (a) RF spectrum (RBW 30 kHz) of the beat signals from the APD output. Red shadowed region indicates
the bandpass filter centered at 215 MHz that selects the beat signal used for phase-locking. (b) In-loop phase error
signal from the digital phase detector. Red curve shows the free-running phase error signal over 300 psec time scale.
Blue curve shows the residual in-loop phase error for I second when it is locked. The residual phase jitter from I Hz
to 1 MHz is 0.38t rad (equivalent to 627 attoseconds at the center wavelength of I pm).

3. CE-phase-stable seed pulses at 21gm from difference-frequency generation

In order to generate the infrared seed pulses for optical parametric chirped-pulse amplification
(OPCPA) at 2pm, the output pulses of the Ti:sapphire are focused into a 3mm long MgO-doped
periodically-poled lithium niobate (PPLN) crystal with a poling period of 13.1 g.m (see Figs. 1
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and 8), in which difference-frequency mixing of the laser spectrum creates the ultrabroadband
spectrum extending from 1.6-2.4 gim shown in Fig. 9. The pulse energy of the DFG pulses is in
the few pJ range, the spectrum corresponds to a - 14fs, two-cycle pulse at a center wavelength of
2gm.

Figure 8. Experimental setup for
broadband DFG (1.6-2.41tm). The
Ti:sapphire laser is inside the
plexiglas box on the LHS, the
Nd:YLF regenerative amplifier can
be seen in the upper left corner. In
the forefront, the MgO:PPLN crystal
heated to 120'C in a temperature-
controlled oven can be seen.

60k 1.0,
. 5 (a) (b)
~.50k- •0.5-1

C 40k

8 30k . 0.0
20 2

4) -0.5
10k

0 -........ 1.0.
1600 1800 2000 2200 2400 -150 -100 -50 0 50 100 150
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Figure 9: (a) Measured DFG spectrum obtained by difference-frequency mixing of octave-spanning Ti:sapphire
pulses (shown in Fig. 2) in a MgO:PPLN crystal. (b) Electric field versus time calculated from the spectrum
under the assumption of a flat spectral phase. This electric field corresponds to a DFG pulse duration of - l4fs
or approximately two optical cycles at 2jim assuming perfect dispersion compensation

Note that, because the infrared light at 2gm is created by difference-frequency generation, the
seed pulses for the OPCPA automatically possess a stable CE phase.[ 12, 13]

4. Stretcher and compressor setup for two-cycle signal pulses

To ensure efficient energy transfer from the pump to the signal (i.e., seed) pulses, a stretcher-
compressor unit is needed to match the temporal duration of the signal pulses with that of the
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pump pulses. For 30-ps pump pulses and 14-fs signal pulses, this corresponds to a stretching
factor of -2000.

We have designed an ultracompact stretcher-compressor unit employing a Brewster-cut 150 mm
suprasil300 glas block, a programmable acousto-optic dispersion filter (DAZZLER from
Fastlite) based on a 45mm TeO 2 crystal, and a 30mm silicon block for compression. As the DFG
pulse energy is in the few pJ range, we first stretch the pulses almost lossless in 150 mm
suprasil300 in front of the first OPA stage. Placing the DAZZLER, which has a diffraction
efficiency of only -10%, in between the first and second OPA stages has the advantage to
reduce problems arising from amplified spontaneous emission (ASE) in the first OPA stage due
to the low seed pulse energy.[14] Because we do not employ gratings or prisms, we expect this
stretcher-compressor unit to be very stable with respect to beam pointing instabilities.

10 - 30mm silicon
- 150mm suprasi1300 Figure 10. Stretcher-compressor unit: group delay

5 -45mm TeO2 (ordinary) (GD) of 30mm silicon, 150mm suprasil300, 45mm

CL 0 oa 1 •TeO 2 (DAZZLER) for ordinary axis (extraordinary
axis indistinguishable within line width), and resulting

0 .total group delay of the stretcher-compressor unit.
From the Seilmeier equations of TeO 2, the
programmable maximum group delay in this

-10 wavelength range is larger than 20ps, thus the group
delay can precisely be compensated over the full

1.6 1.8 2.0 2.2 2.4 2.6 spectrum of the DFG pulses shown in Fig.9.
wavelength (ýtm)

5. Synchronization of signal and pump pulses

Synchronization of pump and signal pulses in the two OPA stages is a crucial requirement since
any temporal mismatch directly affects the parametric process, reducing its efficiency and
distorting the signal pulse.

Synchronization between the Ti:sapphire laser and Nd:YLF regenerative amplifier is
accomplished by injection seeding of the amplifier[ 15]: After the DFG setup (see Figs. 7-8), we
couple -120tW (within 10nm at 1050nm) into an optical fiber using an angled-body fiber
collimator. Because this is not enough power to seed the regenerative amplifier, we first amplify
it to 1.2mW (within the same bandwidth) using a home-built Yb-doped fiber amplifier (YDFA,
see Figs. 1 and 11). This is enough to overcome the ASE within the 0.05 nm bandwidth
(minimum bandwidth for a 30-ps pulse) centered at 1047 nm. This all-optical synchronization
scheme reduces the complexity and cost of the entire system, ensures low timing jitter, and
allows hassle-free OPCPA.
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Figure 1I. (Left) Custom-built Yb-doped fiber amplifier (YDFA) located inside the plexiglas box of the Ti:saphhire
laser. (Right) Seeding of the Nd:YLF regenerative amplifier with 1047nm light from the Ti:sapphire laser amplified
in the YDFA. The intracavity photodiode shows the build-up of pulse energy, the extacavity photodiode shows the
amplified pulse switched out of the cavity and a few post pulses exhibiting much smaller energy.

However, synchronization between the Ti:sapphire laser and Nd:YLF regenerative amplifier is
only one part of the whole synchonization scheme (see Fig. 12) consisting of synchronizing the
Ti:sapphire laser, the Nd:YLF amplifier, and the DAZZLER.

seed pump

Pockels on: :--Off

200mV triggerS.............
20MHz TTL ERef0ertq r

I:sapphlr. laser sigFG
(a80 MHz

Figure 12. Electronics scheme for synchronizing the Ti:sapphire laser, the Nd:YLF amplifier, and the DAZZLER.

The 80 MHz repetition rate of the Ti:sapphire laser is detected using a fast photodiode (PD). The
PD signal is then preamplified using a resonant preamplifier BME P03 (from Bergmann
Melgerdte Entwicklung, Germany). A Digital Delay/Pulse Generator BME G02p picks every
80.000 pulse from the Ti:sapphire pulse train and sends trigger pulses, which can be
delayed/advanced by up to 1 ms, to the Nd:YLF amplifier (Pockels cell on/off) and to the RF
generator of the DAZZLER. In addition, the BME G02p provides the 20MHz reference signal
for the RF generator.

6. Optical parametric chirped pulse amplification of two-cycle pulses

In the past few years, optical parametric chirped pulse amplification (OPCPA) has emerged as an
attractive alternative to stimulated-emission based amplifier systems. The main advantages of
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OPCPA are large single-pass parametric gain, large 'engineerable' gain bandwidth supporting
few-cycle pulses, absence of thermal loading problems, and - very important - the CE phase is
preserved during the OPCPA process.[ 14, 16, 17]

In parametric amplification, pump photons are converted into two lower frequency photons
(signal and idler) when seeded by photons at the signal wavelength and satisfy the (energy-
conservation) relation:

.), -- )., + (Di,

where ov, ws, and woi are the pump, signal (seed), and idler frequencies, respectively. In addition
these three waves must be phase matched (momentum conservation),

Ak = k, - k, - ki,

where kp, k,, and ki are the wave vectors for pump, signal, and idler, respectively. Ak is the
wave-vector mismatch. In our experiment, using MgO:PPLN and MgO:PPSLT as nonlinear
materials results in ultra broadband quasi-phase matching (i.e., Ak=O, see Fig. 13) because of
near-degeneracy pumping with a 1047nm pump source. Meanwhile, multi-grating chips of these
materials have been fabricated by HCPhotonics and are now ready to be used in our experiment.

0.6- 31.4,,m MgO:PPLN 200°C 0.6- MgO:PPSLT 200oC

0.4 ' solid 0.4 solid
31.2 pm

02 2 0.2-
31.0 pm 31.4 pm

0.0 0.0- 3 p
30 8 ,m

-0.2 -0. 312-
"-0.4 30 p -0.4 31.0 m pm . ...

"" ---•----------- - - - - - -E5 06----E -. ---------------- --0.8 302,m --- " -6 -0.8 3oooe
-08 1 00°C -o8 3061K --- -------- I0

-1.o - - --------- ---- dashed -1.0 - --- . dashed

-12-1.2- 30J2Pr1V ---- - -- ---1.4 ". . ..- 1.4 - . . . . . . . . .

------------------

-1.6 --- --- --- --- ----- ---- -- ---
1.6-- 

--

1.9 2'.0 2 1 2.2 2.3 2.4 A2. 1.9 2.0 2 2 23 22 4 2. 5
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Figure 13. Quasi-phase matching with (left) MgO:PPLN and (b) MgO:PPSLT for different poling periods indicated
on the LHS and two different temperature (200'C solid curves, 100°C dashed curves). The wave-vector mismatch
can continuously be adjusted by varying the temperature between 100°C and 200'C.

7. Few-cycle pulse characterization

The process of high-harmonic generation (HHG), for which the OPCPA-of-DFG-source shown
in Fig. 7 is built, is highly sensitive to the intensity and duration of the driving pulse. The spatial
properties of the XUV beam are highly sensitive to the spatio-temporal structure of the driving
field.[ 18] For example, the spatial profile of the driving beam can be used to control the focusing
of the XUV beam.

In the past two years, we have developed a pulse characterizaton method called two-dimensional
spectral shearing interferometry (2DSI).[ 19] This technique does not suffer from the calibration
sensitivities of SPIDER nor the bandwidth limitations of FROG or interferometric
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autocorrelation (IAC).[20] In 2DSI, two chirped (quasi-CW) pulse copies are mixed with the
short pulse to be measured in a type II 1 2) crystal (see Fig. 14).

_.•L...•Reflectingf Objetv

•.IP.• Polarization Type-II

Rotator BBO Figure 14. Setup for two-

dimensional spectral shearing

7shear .inj interferometry (2DSI).

The advantage of type II upconversion with BBO is that the phase matching bandwidth is large
in one axis (well over an octave) and small in the other, a perfect match for single-cycle pulse
characterization. Furthermore, self-referenced frequency shifting roughly halves the relative
bandwidth of the final signal allowing the measurement of pulses spanning 2 octaves from 700
nm to 2800 nm.

The two up-converted pulses are sheared spectrally, but are collinear forming a single pulse in
time. The zeroth-order phase of one of the up-converted pulses is scanned over several cycles by
vibrating the corresponding mirror in the interferometer a few microns. The spectrum of the
up-converted signal is recorded as a function of phase delay and wavelength, yielding a 2D
intensity function, see Fig. 15(a) and (b). Since only the relative fringe phase matters, the delay
scan does not need to be calibrated in any way, the only required calibration is for the shear a
relatively insensitive parameter.[21, 22]

(c) Figure 15: Few-cycle
pulse characterization:

840 -Measured raw 2DSI
20 °OA- traces for pulse (a) before

02. -and (b) after dispersion
D 0 by glass plate; (c)

so Measured optical
So Wt Glue - - -- PUiSe*Gkm

4.. sf,,w - ps spectrum; (d) extracted
OD phase difference (dashed)

4 92.. " and theoretical (solid)
200 ---- ---- _-------- prediction for fused

o . (d) silica; (d) phase delay
550 eso 75o 8so 9,o 1o5o 0660 A o so s0 o i oc Owo 0oo' error computed from (c).

A (in) ;k (r"m)

We used this method to characterize a 5 fs pulse from one of our Ti:sapphire lasers both before
and after dispersion from a 1 mm fused silica plateJ19] see Fig. 15(a), along with the extracted
spectral group delays. The chirp introduced by the glass plate is reflected in the measurement
with high precision demonstrating the high quality of pulse reconstruction achieved with this
method.

In the coming months, we plan to extend this method to a complete spatio-temporal
characterization of the pulse: Due to the collinear nature of the measurement, the fringe shown
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above is available at each point in the transverse beam profile. This will result in a 4D data set (a
2D fringe like that in Fig. 13(a) obtained at each transverse spatial coordinate) from which the
spectral group delay can be obtained at each point in the beam enabling a complete spatio-
temporal characterization of the pulse.

While other methods have been demonstrated that are capable of full 3D measurement, 4DSI, if
successful, will be the first method capable of measuring the full spatio-temporal characteristics
of pulses below 1 ps,[23] and should nonetheless be capable of measuring single-cycle pulses.

8. Long-wavelength high-harmonic generation

In the coming months, we want to employ the amplified few cycle 2Rtm pulses from the source
shown in Fig. 1 for studying the long-wavelength scaling behavior of high-harmonic generation
(HHG). The desire for using longer wavelength driver pulses is motivated by the scaling of the
HHG single-atom response. The HHG photon energy increases quadratically with the driver
pulse wavelength and linearly with its intensity, according to the following equation[241:

E~e2

hCmax = IP + 3.17 4m

where (Onax is the highest achievable harmonic energy, e and mi are the electron charge and mass,
and Eo and COD are the driver field amplitude and frequency.

-510 - ------

S2. 1m ,. Figure 16: Scaling of the single atom HHG photon

S" yield with the maximal achievable photon energy.
10 Ti:sapphire driver pulses (red solid line) can hardly

.10i reach I keV. In the keV region, 2.1 pm driver pulses
(blue dashed) outperform them by many orders of

Ti::sapphire magnitude. The star shows the location of the
experiment that reached the record photon
energy[ II on the yield curve.

0 I 2 3 4 5
Maximum photon energy (keV)

The conversion efficiency decreases cubically with the drive wavelength and exponentially with
the intensity.[25] The state-of-the-art experimental systems,[1] where high photon energies are
obtained by simply increasing the intensity of the driver pulses (at 720nm), already lie in the
exponential tail of the efficiency curve (see Fig. 16). This has been shown in a recent study in our
group.[25] By using longer wavelength driver pulses the exponential falloff of the efficiency is
pushed to much higher photon energies, as Fig. 16 demonstrates. Experimental studies of HHG
with longer wavelength driver pulses are very few,[26, 27] and the experimental performance
was limited by the pulse intensity and duration constraints rather than by the HHG process itself.

Thus this work could result in a compact soft-X-ray source emitting few keV photons. Whether
this hypothesis is true needs to be checked experimentally. OPCPA is at the moment the only
technique to deliver high energy pulses at both wavelength ranges, i.e., 0.8 [tm and 2 gm.
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9. Attosecond pulse generation

Recently, it has been demonstrated by the Vienna group that attosecond pulses can be generated
by exploiting the spectral dependence of the high-harmonic generation on the CE phase of the
femtosecond pulse that generated these harmonics[28] and first time-resolved studies using those
pulses are reported.[29] Even more recently, the reproducible generation of these attosecond
pulses from shot to shot has been achieved by phase control of the high energy laser pulses.J5]
For a 5 fs high-energy pulse, see Figure 17, with zero CE phase, the resulting electric field is
symmetric and leads to an emission of a single attosecond pulse in the cut-off region of the
harmonics, in contrast to its antisymmetric counter part for a CE phase of 'ACE = n/2. In the
absence of a stabilization and control of the CE phase, no isolated attosecond pulse is generated.
As a consequence, reproducible production of sub-femtosecond X-ray pulses rely on driver
pulses with reproducible CE phase in addition to a well-determined intensity envelope.

-- I I I I -
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Figure 17: Phase controlled few-cylce laser pulses and single attosecond EUV emission by high-harmonic
generation for the even pulse.

The generated attosecond pulse together with the tightly correlated few-cycle driver pulse
enables time-resolved spectroscopy on an attosecond time scale. The effect of the
electromagnetic pulse on the photoelectrons released by an x-ray pulse is well understood by
now.[30, 31] First the photoelectron is created by a short x-ray pulse with a distribution of initial
momenta known from conventional photo-ionization models. Second the photoelectron is
subsequently accelerated as a classical particle by the electric field of the phase-controlled few-
cycle pulse. The model predicts that, depending on the oscillation phase of the light field at the
instant of creation of the electron, a momentum component along the electric field vector is
added to the initial momentum of the electron, resulting in a shift of the photoelectron
distribution up or down in momentum space. The momentum transfer gives rise to a change in
the final kinetic energy of the photoelectrons collected within a finite solid angle as can be
revealed by time-of-flight spectroscopy.[28] As a result of such measurements, the generated
attosecond x-ray pulses can be completely characterized with respect to amplitude and
phase.[31] These capabilities open up an exciting new frontier in ultrafast time-resolved
experiments.
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